P oultry litter can serve as an invaluable plant nutrient resource for grassland and pasture forage production systems; however, its long-term application to forage production systems can result in adverse environmental impacts associated with surface runoff transport of P to surface water bodies. Considerable research associated with this offsite P transport has been conducted. Losses to surface water runoff of both particulate P and soluble P are of environmental concern. Although litter applications to pastures allow minimal sediment-bound P transport, they do allow accumulation of soluble P at the soil surface, and therefore soluble P concentrations in runoff can become substantial (Sharpley et al., 1994) .
Periodic tillage of grasslands has been investigated as a management practice to reduce surface runoff transport of soluble P. Sharpley (2003) conducted a laboratory experiment that suggested that mixing surface soils containing high P levels with low-P subsoils through tillage may decrease soil test P (Mehlich 3) in the surface by 66 to 90% depending on the initial soil test P concentrations. Field experiments have since been conducted to demonstrate that periodic moldboard plowing of no-till soils can reduce soil test P (Bray 1) in the surface 2.5 cm by approximately 50 to 85% . Rainfall interacts with the surface 1 to 2.5 cm of soil before leaving a fi eld as runoff (Sharpley, 1985) ; therefore these reductions in near-surface P concentration can result in signifi cant reductions in runoff P losses. In fact, Quincke et al. (2007) reported that a one-time moldboard plow tillage of an otherwise continuous no-till row crop rotation signifi cantly reduced soluble P losses from rainfall simulations conducted 23 and 30 mo after tillage. Inversion tillage, however, is generally not a practical alternative in pasture systems. Additionally, Nichols et al. (1994) found that shallow (2-3 cm) incorporation of surface-applied poultry litter into pasture systems was ineffective at reducing surface runoff P losses. Therefore placement of poultry litter below the soil surface may be an improved alternative to litter incorporation using conventional tillage options.
Recently, incorporation of poultry litter by subsurface band application into pasture has been shown to reduce surface runoff transport of nutrients; however, data to evaluate the impact of this potential management strategy on forage production, forage nutrient concentrations, or the accumulation of soil nutrients after multiyear applications is limited. Therefore, two experiments, one in bermudagrass [Cynodon dactylon (L.) Pers.] and one in tall fescue (Festuca arundinacea Schreb.) were initiated in which treatments included (i) a standard commercial fertilizer application, (ii) a surface broadcast litter application, (iii) poultry litter applied in subsurface bands placed 25 cm apart, and (iv) poultry litter applied in subsurface bands placed 38 cm apart. The experiments were conducted for 3 yr on a Hartsells (fi neloamy, siliceous, subactive, thermic Typic Hapludult) soil at Crossville, AL, and showed that subsurface band applications resulted in forage yields equivalent to those achieved by conventional broadcast litter applications. Subsurface band applications also did not generally impact forage N, P, and K concentrations compared with surface litter applications. Three years of subsurface band applications to a depth of approximately 4 cm did not signifi cantly alter the Mehlich 3 extractable nutrient content of soils collected at a depth of 0 to 15 cm. Data suggest, however, that subsurface band application would allow increases in subsurface movement of nutrients, as was evidenced by increased Cu concentrations at the 15-to 30-cm depth. The data suggest that the environmental benefi ts of subsurface band application of poultry litter into grass production systems are achieved without detrimental impacts on forage productivity or nutrient concentrations.
Incorporation of liquid manures such as those produced by dairy and swine production facilities through direct injection is effective in reducing surface runoff nutrient concentrations. Daverede et al. (2004) found that direct injection of liquid swine effl uent reduced runoff P losses by 94 to 99% compared with surface applications. Development of commercially available equipment for subsurface band application of poultry litter would probably allow similar improvements in the environmental sustainability of poultry manure utilization for crop production. In fact, Pote et al. (2003) showed that placing poultry litter into 8-cm-deep soil-aeration cuts in perennial grasslands reduced nutrient concentrations in runoff by 74 to 90% compared with surface litter applications and that these nutrient concentrations were generally not statistically different than those found in the untreated control.
Recently, experimental equipment has been developed for the purpose of subsurface band application of poultry litter in soil. Before development of this technology into commercially viable equipment, however, data are needed to evaluate the impact of this litter application technology on nutrient utilization and crop productivity. Therefore, the objectives of this study were to evaluate the impact of subsurface band poultry litter applications on forage yield, forage nutrient concentrations, and the accumulation and distribution of soil nutrients in both cool-season and warm-season forage production systems.
MATERIALS AND METHODS
A pair of experiments was conducted during the fall of 2003 through the summer of 2007. One experiment was conducted on a long-lived 'Kentucky 31' tall fescue sward; the other experiment was conducted on a 'Russell' hybrid bermudagrass sward established by sprigging in the summer of 2003. These experiments were conducted at the Alabama Agricultural Experiment Station located at Crossville, on a Hartsells fi ne sandy loam. Select chemical characteristics of soil samples collected before initiation of these two experiments are presented in Table 1 .
Both experiments consisted of four treatments with four replications arranged in randomized complete blocks with plots measuring 3.05 m wide and 6.1 m long. The treatments included (i) surface broadcast applied poultry litter, (ii) poultry litter applied in subsurface bands placed 25 cm apart across the width of the plot (12 bands per plot), (iii) poultry litter applied in subsurface bands placed 38 cm apart across the width of the plot (eight bands per plot), and (iv) a surface broadcast commercial fertilizer treatment. The poultry litter applied in these experiments was collected from commercial broiler houses each year before application. The three litter treatments received 8.97 Mg of litter ha −1 on a wet-weight basis. This application rate resulted in average N, P, and K applications of 344, 183, and 281 kg ha −1 , respectively ( The broadcast poultry litter treatments were applied by hand. The subsurface band treatments were applied using an experimental subsurface litter band applicator implement. This implement places litter approximately 5 cm below the soil surface in a band that is approximately 4 cm wide. The depth of litter in the trench was 2 cm and the implement moved soil back over the top of the litter band, so following application, the litter band extended from 3 to 5 cm beneath the soil surface (Fig. 1 ). The soil above the litter band extended from the soil surface to the 3-cm depth.
The subsurface litter band applicator implement applied litter in only one subsurface band per pass, so the plots with band spacing of 25 cm received more tractor tire traffi c than the plots with 38-cm band spacing. The tractor was a two-wheel-drive John Deere 5420 (Deere and Co., Moline, IL) equipped with 7.50-16 single front tires at 140-kPa infl ation pressure and 14.9-28 single rear tires at 75-kPa infl ation pressure. The estimated weight supported by the tractor tires as the implement applied litter was 5.3 kN for each front tire and 8.5 kN for each rear tire. The width of the tire contact area was 18 cm for each front tire and 36 cm for each rear tire. For all subsurface bandapplied plots, each pass of a front tire was followed by a rear tire pass, with the full width of the front tire pass being contained within the width of the corresponding rear tire pass.
For the 25-cm band spacing plots, 100% of the harvested plot area was traffi cked by one or more passes of a rear tire of the tractor used when the subsurface bands of litter were applied. Twenty-seven percent of the harvested plot area was traffi cked by four rear tire passes, 55% was traffi cked by two rear tire passes, and 18% was traffi cked by one rear tire pass. For the 38-cm band spacing Table 2 . Average concentration of select elements in poultry litter used for the two 3-yr forage studies. plots, 96% of the harvested plot area was traffi cked by one or more passes of a rear tire of the tractor used when the subsurface bands of litter were applied. None of the harvested plot area was traffi cked by four rear tire passes, 61% was traffi cked by two rear tire passes, and 35% was traffi cked by one rear tire pass. The subsurface poultry litter bands were not placed in the same locations in consecutive years in the two band treatments. This was done to minimize the accumulation of nutrients in localized bands. In the second year, litter was band applied equidistant between the fi rstyear bands. In the third year, an effort was made to place the subsurface bands at the same locations where the fi rst-year bands were placed.
Experiment Application date Total N Total C NH 4 -N Ca
At the time of litter application, N, P, and K were surface broadcast to the commercial fertilizer treatments as a blended fertilizer with a grade of 13-13-13 (N/P 2 O 5 /K 2 O). This blended fertilizer was applied to supply 68 kg N ha −1 for both the bermudagrass and tall fescue experiments. This treatment in the tall fescue experiment received two additional applications of supplemental N at a rate of 68 kg N ha −1 as NH 4 NO 3 fertilizer (34-0-0). These two supplemental N applications were applied after the fi rst cutting and in September of each growing season. Therefore, the commercial fertilizer treatment applied to the fescue experiment resulted in annual applications of N, P, and K equal to 204, 30, and 56 kg ha −1 , respectively. Supplemental N was applied to the commercial fertilizer treatment in the bermudagrass experiment after the fi rst, second, and third harvest during each growing season. Each of these N applications was supplied as NH 4 NO 3 at a rate of 68 kg N ha −1 . This commercial fertilizer treatment applied to the bermudagrass experiment resulted in annual applications of N, P, and K equal to 272, 30, and 56 kg ha −1 , respectively.
To assess the horizontal movement of nutrients away from poultry litter bands, soil samples were collected in the spring of 2005, 2006 , and 2007 from plots in which poultry litter subsurface bands were 38 cm apart. From these plots, one set of fi ve individual samples was collected. A litter band was located and a shovel was used to collect a section of soil 2.5 cm thick (horizontal dimension along the length of the band), 12.5 cm wide (perpendicular to the band), and 15 cm deep. This section of soil was collected such that the width was centered and perpendicular to the band. The soil section was dissected into fi ve samples, which were 2.5 cm wide. This allowed for the center soil sample to contain the subsurface band, which was visible at the time of sampling (Fig. 1) , and two samples from each side of the band. In addition to these soils collected from the banded treatment, composite soil samples were collected from each plot in the spring of 2007 to depths of 0 to 15 and 15 to 30 cm.
Soil samples were air dried and ground to pass a 2-mm sieve. Soil pH was determined on a 1:1 soil/deionized H 2 O ratio. Soils were also subjected to Mehlich 3 extraction followed by elemental analysis using inductively coupled plasma-optical emissions spectroscopy (ICP-OES) (Varian Vista Pro, Varian Analytical Instruments, Walnut Creek, CA).
Forage harvest for yield determination was achieved by cutting a 1.5-by 6-m area from each plot using a Lawn-Genie plot forage harvester (Matthews Co., Crystal Lake, IL). Bermudagrass plots were cut to a height of approximately 7 cm and fescue plots were cut to a height of 10 cm. Bermudagrass was harvested to collect growth between April and September. The specifi c harvest dates were 27 May, Oven-dried forage samples were ground to pass a 2-mm sieve and equal weights of each subsample were combined and mixed for elemental analysis. Composite samples were analyzed for total N using a Vario Max CN analyzer (Elementar Americas, Mt. Laurel, NJ). The P and K concentrations in plant material were determined by ICP-OES analysis of solutions from a dry ash procedure. The dry ash procedure used 0.2 g of dried and ground plant material placed in a muffl e furnace at 500°C for 4 h. The resulting ash was digested by adding 1.0 mL of 6 mol L −1 HCl for 1 h and then 40 mL of double acid solution (0.0125 mol L −1 H 2 SO 4 and 0.05 mol L −1 HCl) for an additional 1 h. The digestion solution was then fi ltered using a Whatman no. 42 fi lter paper (Southern Region Information and Exchange Group on Soil Testing and Plant Analyses, 1983) .
Total N and C in the poultry litter were determined using a Vario Max CN analyzer. The remaining total elemental composition of the poultry litter was determined using ICP-OES analysis after HNO 3 and HCl microwave digestion. Microwave digestion utilized a Mars 5 microwave oven (CEM Corp., Matthews, NC). The procedure consisted of mixing a 0.5-g sample of litter with 9 mL of HNO 3 and 3 mL of HCl in a Tefl on microwave digestion vessel. This mixture was allowed to predigest for 45 min at room temperature, and was then placed in the microwave. A 6.5-min ramp time was used to achieve a digestion temperature of 175°C, which was held for 12 min. Samples were allowed to cool to room temperature and then fi ltered through a Whatman no. 42 fi lter before ICP-OES analysis. Ammonium N was determined after extraction with 2 mol L −1 KCl (1:60 litter/2 mol L −1 KCl ratio) by a Quick Chem FIA+ (Lachat Instruments, Milwaukee, WI). The N and C analyses were conducted on litter samples that were not dried, and microwave digestion was conducted on litter samples that had been dried at 100°C and ground.
Analysis of variance was performed using the SAS PROC GLM procedure (SAS Institute, 2001 ) to determine treatment effects on measured response variables. Fisher's protected LSD was used to separate treatment means.
RESULTS AND DISCUSSION
There were no signifi cant differences in yield among the three litter application methods in the bermudagrass and fescue experiments (Tables 3 and 4) . Pote et al. (2003) stated that bermudagrass yields were generally 25% greater when litter was applied in subsurface bands; however, these differences were not always statistically signifi cant because of a large level of variability in measured yields. Pote et al. (2003) attributed these greater yields to improved retention of litter nutrients in the bermudagrass root zone. No evidence of this effect was observed in the current study. Of course, the use of a singlerow band applicator in the current study resulted in considerable wheel traffi c on the subsurface band treatments. This traffi c may have damaged these treatments suffi ciently to counterbalance any benefi t of improved nutrient retention. The development of commercial-scale litter band applicators will probably allow a greater number of application rows and therefore reduce the possible infl uences of tractor traffi c on forage productivity. Despite uncertainty as to the impact of tractor traffi c, the lack of signifi cant differences in yield among litter treatments suggests that subsurface band application of poultry litter into cool-season and warm-season grasses will not have a detrimental impact on forage yield production compared with traditional surface broadcast litter applications. The only signifi cant yield differences were between the commercial fertilizer treatment and the litter treatments. In the bermudagrass experiment, the four-way split application of commercial fertilizer resulted in larger yields than the poultry litter treatments in 2004 and 2005 (Table 3 ). Limitations to bermudagrass growth due to less rainfall (Table 5) (Table 4) , presumably due to reduced levels of residual N available for spring growth compared with the litter treatments.
Forage tissue harvested from the poultry litter treatments contained greater concentrations of P and K than commercial fertilizer treatments (Fig. 2 and 3 ). This occurred because litter treatments supplied P and K at average annual application rates of 183 and 281 kg ha −1 . In contrast the commercial fertilizer treatment supplied 30 kg P ha −1 and 56 kg K ha −1 .
The method of poultry litter application resulted in only minor differences in the nutrient content of harvested bermudagrass (Fig. 2) . In 2005, the N content of forage in the treatment to which litter was applied in subsurface bands 38 cm apart was approximately 8% less than that found in the two remaining litter treatments. Despite the low N content, the subsurface application of poultry litter in bands 38 cm apart allowed the largest forage yields (Table 3) Dec. 14 12 7
Annual total 178 122 107 treatments; therefore, N uptake levels were probably similar for the three litter treatments. Nutrient concentrations in the harvested fescue were also generally not infl uenced by the litter application method (Fig.  3) . In 2005, the concentration of K in the forage harvested from the broadcast treatment was signifi cantly less by 10% than its concentration in the two subsurface band application treatments. This difference probably occurred because the yield in the broadcast treatment was 15% greater than yields from the two subsurface band application treatments (Table  4) , which resulted in dilution of the K in the harvested forage. These data demonstrate that subsurface application of litter in bands placed 38 or 25 cm from each other and at a depth of approximately 5 cm does not generally impact the forage nutrient content.
After 3 yr of treatment application, Mehlich 3 extractable nutrient concentrations in soils collected to a depth of 15 cm were greater for litter treatments than for commercial fertilizer treatments in both the bermudagrass and tall fescue experiments (Tables 6 and 7) . This is consistent with previous research demonstrating that continuous poultry litter applications results in elevated concentrations of immobile nutrients in surface soils (Kingery et al., 1994) . There were no signifi cant differences in Mehlich 3 extractable nutrient concentrations in the 0-to 15-cm soil depth when comparing the three litter treatments.
At the 15-to 30-cm soil depth, Mehlich 3 extractable K was signifi cantly greater in each of the three litter treatments than in the commercial fertilizer treatment (Tables 6 and 7) . This demonstrates the vertical mobility of K in the Hartsells soil. This is consistent with previous research conducted on the Hartsells soil that showed a generally uniform distribution of K within the surface 30 cm of soils receiving poultry litter (Sistani et al., 2003) . The concentration of Cu was also generally greater at the 15-to 30-cm soil depth in the litter treatments than in the commercial fertilizer treatment. Only the two litter subsurface band treatments, however, allowed signifi cantly greater Cu concentrations than those found in the commercial fertilizer treatments. Additionally, Mehlich 3 extractable P at 15 to 30 cm was generally greater in the two litter subsurface band applications than in the other treatments, but the differences were not signifi cant in either the tall fescue or bermudagrass experiments. This, along with the greater Cu concentrations found in the 15-to 30-cm depth, suggest that long-term subsurface band application of litter to an approximate depth of 5 cm may allow increased vertical movement of environmentally sensitive litter nutrients such as P. This possible subsurface P movement would allow a further reduction in the probability of P transport to surface water bodies in addition to reduced P transport resulting from placement of litter below the surface runoff zone (Pote et al., 2003) . Annual collection of soil samples from the vicinity of subsurface litter bands placed 38 cm apart provided a unique data set allowing evaluation of the horizontal nutrient distribution near the subsurface band (Fig. 4) . Because of similarity between data collected from the two studies, only data from the bermudagrass study are presented. As expected, the concentrations of each nutrient were elevated in the subsurface band compared with soils collected at 2.5 and 5.0 cm away from the band; however, the data show no consistent accumulation of nutrients within the bands.
Recall that in the spring of 2005 litter was band applied equidistant between the bands that had been applied in the spring of 2004, which was the initial application. Therefore, no accumulation would be expected between the spring of 2005 and spring of 2006. Efforts were made, however, to place the third set of litter bands in the same locations as the fi rst bands. Therefore, soils collected from the bands in the spring of 2007 should include two litter bands, one that was applied in the spring of 2004 and one that was applied in the spring of 2006. Despite these efforts, data presented in Fig. 4 suggest that bands were not placed in the same locations. Notice that concentrations of P and Cu tended to increase at 5 cm from the band in the spring 2007 sampling and that the standard errors are generally greater for these sample data. This suggests that periodically the 5.0-cm samples collected in the spring of 2007 contained remnants of the litter bands applied in the spring of 2004.
Despite uncertainty as to the placement of the litter bands with respect to each other, the data in Fig. 4 show that the horizontal movement of nutrients such as Ca, P, Mg, and Cu during 1 yr after subsurface band application is limited. This is evidenced by the concentrations of these nutrients found at 5.0 cm from the band in the spring of 2005, which were equivalent to those in soil samples collected before initiation of the experiment (Table 1 ). These data show that the volume of soil that is infl uenced by the subsurface-band-applied poultry litter nutrients is limited to a distance of 3.75 cm laterally from the center of the visible subsurface band (Fig. 1) , which was itself approximately 4.0 cm in width. The localization of these nutrients will probably result in increased vertical movement, as was observed for Cu in the composite soil samples collected in the spring of 2007 (Tables 6 and 7) .
CONCLUSIONS
The data presented demonstrate that the environmentally benefi cial management strategy of subsurface band application of poultry litter will not detrimentally impact bermudagrass or tall fescue forage production. The data confi rm that this potential application strategy will result in yields or nutritional concentrations in forage similar to conventional surface applications of litter.
The data suggest that this management practice will have a limited impact on average soil test nutrient concentrations found at the soil surface (0-15 cm). Long-term subsurface band application of poultry litter to a depth of approximately 5 cm, however, may allow increased vertical movement of environmentally sensitive nutrients such as was evidenced by increased concentrations of Cu at 15 to 30 cm. This apparent increase in vertical movement of nutrients may simply result from deeper placement of the litter below the soil surface. It may also occur due to increased saturation of the soil at or near the subsurface band with respect to these nutrients. Increased movement of litter nutrients to depths below the soil surface would further reduce the potential for unwanted surface runoff transport of nutrients following long-term additions of poultry litter to pastured systems.
